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In Saccharomyces cerevisiae, four proteins, Shu1, Shu2, Psy3 and Csm2, form a stable SHU-complex
both in vivo and in vitro. These proteins are involved in the early stages of the homologous recom-
bination DNA damage repair process. In this paper, the crystal structure of the Psy3–Csm2 sub-com-
plex is presented at 1.8 Å resolution and successfully ﬁtted into our small angle X-ray scattering
(SAXS) data of the SHU-complex. Taken together with our electrophoretic mobility shift assay
(EMSA) results, a model is proposed for the SHU–protein complex coupled with DNA.
Structured summary of protein interactions:
PSY3 and CSM2 bind by X-ray crystallography (View interaction)
PSY3, CSM2, Shu 1 and Shu 2 physically interact by x ray scattering (View interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The DNA repair mechanism is crucial for maintaining genomic
stability in cells and mutations of DNA repair proteins can lead
to cancer or cell death. A group of DNA-repair related proteins
Psy3, Csm2, Shu1 and Shu2 was found in budding yeast, and these
proteins form the stable SHU-complex. Mutations of SHU-complex
proteins were ﬁrst identiﬁed to suppress SGS1 and TOP3 methyl
methanesulfonate (MMS) sensitivity [1,2], and the complete dele-
tion of the four proteins did not show additional MMS sensitivity
when compared with any of the single residue mutants [1]. Strong
interactions between the four proteins have been found using a
two-hybrid system [1,3], suggesting that the four proteins form a
stable complex that functions in the same epistasis group [1,2,4,5].
The roles of the SHU-complex proteins were further investi-
gated by mutagenesis with other homologous recombination re-
pair (HRR) genes Rad51, RAD54 and Rmi1 [2,4]. A model was
proposed that the yeast SHU-complex may play an important role
in coupling error-free post-replication repair (PRR) to homologous
recombination (HR) [4].
Further studies found that Shu1 functions with an anti-recom-
binase DNA protein Srs2 to interact with a ribosomal DNA (rDNA)
regulating protein UAF30, and the interactions between Shu1 and
Srs2 are not conﬁned to rDNA regulation [6]. Thus, by regulatingchemical Societies. Published by ESrs2 activity, the SHU-complex shifts the balance of DNA repair to-
ward Rad51 ﬁlament stabilization [6].
Homologs of the SHU proteins were found in Schizosaccharo-
myces pombe and humans [5,7]. Psy3 shares homology with Rdl1
in ﬁssion yeast and Rad51D in humans, the latter protein was
reported to contain an N-ter ssDNA binding domain and a con-
served ATPase motif [7,8]. Shu2 is homologous to the Sws1 protein
found in ﬁssion yeast and humans [5]. All three proteins contain
Zn-ﬁnger like SWIM domains that are considered to be important
for protein–protein/DNA interactions [9]. Shu1has homology with
ﬁssion yeast protein Rlp1 and human protein XRCC2. Interestingly,
human Sws1, Rad51d and XRCC2 proteins were reported to form a
complex that is important in facilitating Rad51 activity [7]. These
conserved protein complexes could infer a new mechanism in
the regulation of Rad51 family protein activities throughout
eukaryotes.
While we were preparing this paper, an independent study pub-
lished the crystal structure of the Psy3–Csm2 heterodimer [10].
The study also showed that Psy3 and Csm2 can bind DNA, and lo-
cated the loops responsible for DNA binding through mutagenesis
[10].
Here, the crystal structure of the Psy3–Csm2 complex together
with SAXS data of the whole SHU-complex in vitro is presented.
The structures of Psy3 and Csm2 resemble each other and both
share the similar architecture with the ATP core domain of proteins
that belong to the Rad51 family. By combining biochemical exper-
iments and the SAXS data, a proposed model of the SHU-complexlsevier B.V. All rights reserved.
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understanding of the mechanism of this protein complex.
2. Material and methods
2.1. Cloning and expression
The genes encoding Psy3 and Csm2 were cloned into the pCDF-
Deut vector (Novagen), whereas the shu1 and shu2 genes were
cloned into the pETDeut (Novagen) vector. The primers for each
gene are listed in the Supplementary Table 1. The constructed plas-
mids containing different gene combinations were transformed or
co-transformed into the Rosetta2 (DE3) strain (Novagen). Large
cultures were induced at OD600 = 0.6 with a ﬁnal concentration of
0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) and left to
express at 291 K for 16 h.
2.2. Protein puriﬁcation and crystallization
The cells containing the Psy3 and Csm2 proteins were sus-
pended in a buffer containing 500 mM NaCl, 50 mM Tris–HCl pH
8.0, 2 mM beta-mercaptoethanol (bME) and 1 mM phenylmethyl-
sulfonyl ﬂuoride (PMSF). After sonication, the lysate was centri-
fuged at 13000g for 60 min. The supernatant was then loaded
onto a 5 mL HiTrap (Ni2+) chelating HP column (GE Healthcare)
and washed with 25–100 mM imidazole. The protein was eluted
with 300 mM imidazole, ultra-ﬁltered and passed through a HiLoad
16/60 Superdex 200 pg column (GE Healthcare) equilibrated with a
buffer consisting of 500 mM NaCl, 50 mM Tris–HCl pH 8.0 and
2 mMdithiothreitol (DTT). The single sharp peak containing the tar-
get protein was collected and ultra-ﬁltered to 20–30 mg/ml. Other
combinations of complexes were puriﬁed in the same way.Table 1
Data collection and reﬁnement statistics for Psy3–Csm2.
Peak Remote
Data collection
Wavelength (Å) 0.9791 0.9
Space group c2 c2
Unit-cell parameters a = 134.93 Å, b = 50.10 Å, c = 76.95 Å,
b = 103.17
a = 134.9
b = 103.1
Resolution (Å)a 2.20 (2.24–2.20) 2.20 (2.2
Unique reﬂections 25288 (1283) 25680 (1
Completeness (%) 99.5 (100) 99.3 (99.
Redundancy 4.8 (4.7) 4.9 (5.0)
Mean I/? (I) 40.72 (8.13) 42.34 (8.
Molecules in asymmetric
unit
1 1
Rmerge (%) 7.6 (33.0) 6.2 (29.7
Reﬁnement
Resolution range (Å) 29.86–1.80
Rwork/Rfree (%) 20.3/22.8
Average B factor (Å2)
Main chain (A/B) 39.22/44.58
Side chain (A/B) 46.07/50.26
Waters 50.20
Number of atoms
Residues (A/B) 192/210
Protein (A/B) 1542/1633
Waters 162
Ramachandran plot (%)
Most favoured 97.2
Allowed 2.8
R.m.s. deviations
Bond lengths (Å) 0.007
Bond angles () 1.137
a The values in parenthesis means those for the highest resolution shell.The Psy3–Csm2 complex crystallization screening was carried
out at 293 K using the sitting-drop vapor-diffusion technique.
The best crystals were obtained within three days under the condi-
tion of 100 mM Tris–HCl, pH 8.0, 10% ethanol and 10% 2-methyl-
2,4-pentadiol (MPD). The selenomethionine (SeMet) derivative
was puriﬁed and crystallized as described above.
2.3. Data collection, structure determination and reﬁnement
Both wild type and Se-Met substituted multiple-wavelength
anomalous dispersion (MAD) data sets were collected at 100 K on
the station BL17U1 of the Shanghai Synchrotron Radiation Facility
(SSRF). All data were processed using the program package
HKL2000 [11] and collection statistics are summarized in Table 1.
Selenium atoms were located by the program SOLVE [12] and the
initial phases were used for automatic model building by the pro-
gram RESOLVE [13], which produced interpretable electron den-
sity. The phases from RESOLVE were transferred into the
program ARP/wARP [14] for further model building. This model
was further built and reﬁned against the native data at 1.8 Å reso-
lution with the program PHENIX.reﬁne [15] and COOT [16]. The
qualities of the ﬁnal models were checked with the program Mol-
Probity [17]. Data collection and reﬁnement statistics are given in
Table 1. The program PyMOL (http://www.pymol.sourceforge.net/)
was used to prepare structural ﬁgures.
2.4. EMSA of the SHU-complex
One micromolar of ssDNA and dsDNA substrates (Supplemen-
tary Table 2) were incubated with different concentrations of the
SHU-complex and sub-complex proteins in a 10 lL system at
293 K for 25 min. The binding buffer for reactions containsNative
0.9791
c2
9 Å, b = 50.13 Å, c = 77.01 Å,
7
a = 135.33 Å, b = 51.16 Å, c = 77.05 Å,
b = 103.02
4–2.20) 1.76 (1.79–1.76)
260) 46537 (2353)
9) 90.4 (91.9)
3.6 (3.4)
16) 38.93 (2.55)
1
) 4.3 (54.2)
Fig. 1. Structure and interface of the Psy3–Csm2 heterodimer. (A) The overall structure of the Psy3–Csm2 complex. Psy3 is shown in cyan and Csm2 shown in green. (B, C)
Secondary structures of Psy3 and Csm2. Missing loops in the electron density map are shown as hypothetical dashed lines. (D) The interface between Psy3 and Csm2.
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3% glycerol. After adding 2.5 lL loading buffer (50% glycerol, 0.02%
bromophenol blue), the reaction mixtures were resolved in a na-
tive polyacrylamide gel in 1 TG buffer (25 mM Tris–HCl,
192 mM glycine, pH 8.3) at 277 K for 40–50 min and then visual-
ized by ethidium bromide (EB) staining.
2.5. SAXS experiment and data analysis
The SHU-complex containing all four proteins was puriﬁed as
described above and stored in the buffer containing 25 mM HEPES
pH 7.0, 500 mM NaCl and 5 mM DTT. Synchrotron SAXS measure-
ments were performed at the European Molecular Biology Labora-
tory (EMBL) on the storage ring DORIS III of the Deutsches
Elektronen Synchrotron (DESY, Hamburg) on the X33 beamline
[18] equipped with a robotic sample changer [19] and a PILATUS
detector (DECTRIS, Switzerland). The scattering was recorded in
the range of the momentum transfer 0.07 < s < 5.5 nm1, where
s = (4psinh)/k, 2h is the scattering angle, and k = 0.15 nm is the
X-ray wavelength. The measurements were carried out in a vac-
uum cuvette with exposure times of 2 min to diminish the para-
sitic scattering. The experimental scattering proﬁles from the
samples were corrected for background scattering by the solvent,
and processed using standard procedures and the program PRI-
MUS [20]. The samples were measured at three different concen-
trations, 1.2, 2.5 and 5.0 mg/mL with further extrapolation to zero
concentration. The latter was used for structural analysis. The dis-
tance distribution functions p(r) was computed using the program
GNOM [21]. This function was used to determine a maximal size
of the protein in solution and the output used for ab initio low res-
olution shape restoration by the programs DAMMIN [22] and
GASBOR [23]. The low resolution envelope for a shape restored
by the program DAMMIN was calculated by the program CRYSOL
[24].3. Results
3.1. The SHU-complex proteins in vitro
Our initial attempts to overexpress each protein of the SHU-
complex in Escherichia coli and purify the proteins failed because
the proteins were either expressed as inclusion bodies or aggre-
gated when their fusion tags were removed in solution (data not
shown). These observations strongly suggest that the four proteins
depend on each other for their stability in vitro.
Various combinations were tried to test the interactions among
the SHU-complex. Csm2 was not able to co-elute with Shu1 or
Shu2 from a Ni2+ chelating column, which was in agreement with
previous experiments [1,3]. The interaction between Psy3 and
Shu2 was weak such that most of the co-expressed proteins were
found in inclusion bodies when expressed together. Soluble puriﬁ-
cation of the two proteins together to sufﬁcient levels was not pos-
sible. We managed to pull down the whole complex from a Ni2+
chelating column with only one Hex-his-tag at the N-terminus of
Shu1 or Shu2, and the four proteins eluted as a single peak (Supple-
mentary Fig. S1C) from a HiLoad 16/60 Superdex 200 pg column
(GE Healthcare), indicating that their interactions in vitro are
strong enough even in 500 mM NaCl. The SDS–PAGE electrophore-
sis results are shown in Supplementary Fig. S1A and B.
3.2. Crystal structure of the Psy3–Csm2 complex
The overall structure of the Psy3–Csm2 heterodimer is shown in
Fig. 1A. Interestingly, although the Psy3 and Csm2 proteins share
only a 17% sequence similarity, they resemble each other structur-
ally. The general structures of the proteins are composed of a set of
parallel b-sheets ﬂanked by several a-helices. Our structures show
that Psy3 contains ten helices and seven strands (Fig. 1B), whereas
Csm2 contains nine helices and ﬁve strands (Fig. 1C).
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loops, whereas the C-terminal region contains many regions where
electron densities are missing. These parts may represent ﬂexible
regions that are important for protein–protein/DNA interactions,
which we will discuss later. The structure of Csm2 is similar to that
of Psy3, except for the N-terminal disordered region.
Psy3 and Csm2 interact with each other via various forces
(Fig. 1D). Hydrogen bonds dominate the inter-protein interactions
at the lower part of the interface, whereas hydrophobic interac-
tions play an important part in maintaining the stability of the
upper part, similar to the ball-and-socket module observed in the
Rad51 polymerization motif [25]. The center of the protein–protein
interface is stabilized by aromatic stacking.
3.3. Crystal structure comparisons
A structural similarity search was performed using the DALI 206
web server (http://ekhidna.biocenter.helsinki.ﬁ/dali_server). Psy3
and Csm2 not only share similar architecture with each otherFig. 2. Structural comparison among Psy3, Csm2 and Rad51 family proteins. (A) Superp
MsRecA (magenta). (C) Superposition of the Psy3 (cyan)–Csm2 (green) heterodimer with
Comparison of EcRecA L2 loops (red) with Psy3 (cyan) and Csm2 (green) L2 loops (show(Fig. 2A), but both proteins also resemble the conserved ATP core
domain of the Rad51 family recombinase.
Structural alignment of Psy3 and Csm2 with proteinMycobacte-
rium smegmatis RecA (MsRecA; PDB ID: 1UBC) returned RSMD val-
ues of 2.64 Å (144 Ca) and 2.60 Å (127 Ca), respectively. Fig. 2B
shows the superposition of Csm2 with MsRecA. The regions of
the proteins that showed the highest superposition were found
to be in the central parallel beta strands as well as the two longest
helices (a5 and a8 for Psy3, and a5 and a7 for Csm2). Mutagenesis
data of several consecutive basic residues in the L2 loops of Psy3
and Csm2 have revealed that this loop appears to be important
for DNA binding [10]. Therefore, we performed a structural align-
ment of the Psy3–Csm2 heterodimer with a part of the E. coli
RecA-DNA structure (EcRecA; PDB ID: 3CMT) [26], and the Psy3–
Csm2 hetero-dimer ﬁtted into the EcRecA homo-dimer with an
RSMD of 2.61 Å (154 Ca) for Psy3 and a value of 3.48 Å (133Ca)
for Csm2 (Fig. 2C). More importantly, the L2 loops of Psy3 and
Csm2 were found to superpose quite well with the L2 loops of
EcRecA, which is responsible for DNA binding (Fig. 2D and E), sug-
gesting a similar DNA binding manner for the Psy3–Csm2 complex.osition of Psy3 (cyan) with Csm2 (green). (B) Superposition of Csm2 (green) with
the EcRecA homodimer (magenta)–DNA complex (L2 loops are colored in red). (D, E)
n as hypothetical dashed lines).
Fig. 3. EMSA results of the SHU-complex. (A) 1 lM ssDNA (36 nt) incubated with increasing amounts of the protein complex: 0, 1, 2, 3, 4 and 5 lM (lanes 1–6). (B) 1 lM
dsDNA (29 bp) incubated with increasing amounts of the protein complex: 0, 1, 2, 3, 4 and 5 lM (lanes 1–6).
Fig. 4. SAXS curves and models. (A) Experimental scattering curve from the RSME protein in solution: 1 – experimental SAXS curve; 2 – scattering patterns computed from
the DAMMIN model; 3 – scattering patterns computed from the GASBOR model; 4 – smooth curve back transformed from p(r) and extrapolated to zero scattering angle for
the SHU-complex in solution. Inserts: left below – the distance distribution functions p(r) computed by the program GNOM for the SHU-complex in solution. (B) Low
resolution structures of the RSME protein in solution with superposition of the Psy3–Csm2 crystal structure: left – envelope of the DAMMIN model; right – GASBOR model.
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Fig. 5. The proposed model of the SHU-complex coupled with dsDNA in perspective view. The SHU-complex binds to one fragment of dsDNA (PDB ID: 1EA4). The SAXS
DAMMIN model is presented using brown meshes, Psy3 is colored in cyan, whereas Csm2 is colored green. DNA goes across the groove of the SAXS model ﬂanked by the two
L2 loops of Psy3 and Csm2 (in blue and green shadows).
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posed of the ‘‘GIVID’’ motif, and forms b4 of Psy3, is also very sim-
ilar to other Rad51 family homologs. These important similarities
in key functional motifs among Psy3–Csm2 and other Rad51 family
proteins strongly suggest that the SHU-complex proteins are diver-
gent homologs of the Rad51 family paralog proteins.
3.4. The SHU-complex binds to DNA
Our EMSA results have further proved that the SHU-complex
possesses DNA binding ability. The Shu1–Shu2 complex alone did
not show any ability to bind ssDNA or dsDNA, and EMSA of
Psy3–Csm2, Psy3–Shu1 and Psy3–Csm2–Shu1 sub-complexes
aggregated severely at a low salt concentration (data not shown).
However, the complete SHU-complex was stable at a low salt con-
centration and possesses appreciable ability to bind DNA. More-
over, the SHU-complex showed greater afﬁnity to bind dsDNA
than ssDNA (Fig. 3A and B). After changing several DNA substrates,
we also conﬁrmed that the DNA binding ability of the SHU-com-
plex showed no obvious sequence preferences (data not shown).
3.5. The conformation of SHU-complex in solution
Our SAXS data revealed the overall conformation of the SHU-
complex in solution. Calculations using different models yielded
similar proﬁles of the SHU proteins (Fig. 4A), and all model curves
yielded very good ﬁts to the experimental data with discrepancies
of 0.8.
The SHU-complex takes the shape of a boomerang, in which the
structure of Psy3–Csm2 was successfully ﬁtted into the right half
of the envelope (Fig. 4B). Given that Csm2 does not interact with
Shu1 and Shu2, it is very plausible that Csm2 locates on one edge
of the complex. Psy3 lies in the center of the complex, connecting
Shu1 and Shu2 mainly through its N-terminal loop, whereas the
Shu1–Shu2 complex was positioned on the other half of the com-
plex. The L2 loops of Psy3 and Csm2 locate close to the bottom of
the concave. Together with our EMSA results, the structural data
strongly indicates that DNA ﬁlaments may be attached to the bot-
tom of the concave, making stable interactions with the SHU-
complex.4. Discussion
The Rad51 paralogs are a family of proteins that generally pro-
mote recombination DNA repair by facilitating the formation of
Rad51 ﬁlaments in the early steps of HR. However, little was
known about the speciﬁc mechanism of their functions until re-
cently when a group discovered that a Rad51 paralog protein com-
plex in budding yeast, Rad55–Rad57, mediates the formation of the
Rad51 ﬁlaments by binding to Srs2 with Rad51 simultaneously
[27]. Thus, it was suggested that the mechanism of Rad51 paralogs
in promoting HR lies in the anti-antirecombination roles they play
via their interaction with Srs2 and Rad51 family recombinases
[27].
Many of the Rad51 paralog family of proteins possess certain
degrees of DNA binding ability. However, these proteins appear
to prefer different types of DNA substrates. The budding yeast
Rad55–Rad57 complex binds ssDNA more strongly than dsDNA
[28], whereas the human Rad51B-C-D-XRCC2 complex preferen-
tially binds to branched DNA strands [29]. In this paper, we have
discovered that the budding yeast SHU-complex showed greater
afﬁnity towards dsDNA than ssDNA. This suggests that the SHU-
complex may play a complementary role to the Rad55–Rad57
complex in antagonizing Srs2 activity with different DNA
substrates.
The Psy3 and Csm2 L2 loops, which locate near the C-terminal
region of both proteins and close to each other, represent the
DNA binding sites [10]. Taken together with our SAXS data, we pro-
pose that the concave part of the SHU-complex boomerang shaped
model forms a good scaffold for DNA binding. Although the Shu1–
Shu2 complex did not bind DNA, they may contribute to the stabil-
ization of DNA binding.
A model including our SAXS model, dsDNA and the L2 loops of
the crystal structure is shown in Fig. 5. Since mutations in any of
the four proteins leads to a similar phenotype [1], we strongly sug-
gest that the integrity of the SHU-complex architecture is crucial
for its efﬁcient function in DNA binding and other activities.
In summary, our structural and biochemical studies have pro-
vided valuable information in the understanding of the Rad51 par-
alog family proteins. The SAXS model of the SHU-complex provides
new insights that describe how this complex functions.
2312 Z. She et al. / FEBS Letters 586 (2012) 2306–23125. PDB accession number
Atomic coordinates and structure factors of Psy3–Csm2 were
deposited in the Protein Data Bank under the accession number
4EQ6.
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